Here we describe the utilization of flagellated bacteria as actuators to propel spherical liposomes by attaching bacteria to the liposome surface. Bacteria were stably attached to liposomes using a cross-linking antibody. The effect of the number of attached bacteria on propulsion speed was experimentally determined. The effects of bacterial propulsion on the bacteria-antibody-liposome complex were stochastic. We demonstrated that liposomal mobility increased when bacteria were attached, and the propulsion speed correlated with the number of bacteria.
Introduction
One of the primary goals of biomedical micro-robot technology is to reach currently inaccessible areas of the human body and carry out a host of complex operations. Potential targeted medical applications for these micro-robots include highly localized minimally invasive surgery, drug delivery, and screening for diseases at their early stages. Recent developments in micro-and nano-scale engineering have led to the realization of various miniature mobile robots [1] . However, two of the most significant obstacles are the miniaturization of the on-board actuators and power sources required for fabricating high-mobility devices. Bio-motors are deemed to be one of the most promising choices for actuation. They have many advantages over man-made actuators, mainly because they are much smaller and are capable of producing more complicated motions. More importantly, they convert 6 These authors contribute equally to this paper. chemical energy to rotational energy [2] . A number of liposomal drugs have been approved or are under development for human use. There are a number of obstacles to optimizing their use, such as delivering them rapidly to the intended target [3, 4] . Biological micro-robots would seem to serve as potentially excellent devices for this purpose [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Here, we propose a system for the miniaturization of bio-mimetic propulsion, which links motile bacteria to liposomes by means of an antibody (figure 1). The research presented here aimed to investigate the stochastic nature of bacterial propulsion of liposomes, which is important for developing next-generation bio-hybrid swimming microrobots for applications in diverse fields ranging from biomedical to environmental applications [16, 17] .
Experimental procedures
The flagellar motor is a complex assembly of hundreds of different proteins spanning the inner (cytoplasmic) and outer surfaces of the bacterial membrane. The flagellar motor converts ion-motive force into mechanical force, using the energy from ATP hydrolysis to produce rotational motion. The electrochemical gradient of Na + or H + ions across the cytoplasmic membrane provides the energy source for this process. Rotation is conferred to a helical protein filament, the flagellum, which propels the bacterium [18, 19] . DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, was obtained from Invitrogen. The buffer solution (TMN 300) was prepared with 5 mM MgCl 2 , 5 mM glucose, 300 mM NaCl and 50 mM Tris-HCl, pH 7. A phospholipid solution was prepared (10 mM in a chloroform/methanol (2:1, v/v) mixture for DOPE) and poured into a glass test tube. The organic solvent was then evaporated under nitrogen flow and dried in vacuum to make a dry film at the bottom of the test tube. Mineral oil was then added to the test tube prior to ultrasonication for 60 min at 50 • C with vortex mixing (final lipid concentrations in oil were 0.5 mM) for 15 min. A solution of oil with lipid was prepared as the final step.
TMN 300 solutions were prepared. A 500 µl sample of each antibody dilution was added to a test tube and covered with 300 µl of oil with lipid. To obtain micro-droplets, 2.5 µl of antibody free buffer solution was added to 100 µl of the oil phase containing phospholipid and then emulsified the mixture by pipetting up and down with a micropipette. The micro-droplet solution was added to the oil-lipid mix within 1 or 2 min. The micro-droplets in the oil phase spontaneously precipitated into the buffer solution phase because of their higher density [20, 21] . During the transfer process, the micro-droplets were converted into bilayer lipid vesicles: liposomes (figure 2).
We next streaked bacteria (Vibrio alginolyticus) on a VC plate and incubated it at 30 • C for 12 h. A single well isolated colony was then cultured overnight in 3.0 ml of VC medium and for 3 min in 3.0 ml of VPG medium. An additional 200 µl of VPG medium was added to the tube. We developed a method for concentrating the bacteria using a centrifuge. After removing the VPG medium, we added 200 µl of TMN 300 without antibody. Then, a 20 µl suspension of bacteria in TMN 300 was introduced. Equal volumes of liposome and bacterial suspensions (5 µl) were mixed on a glass slide and observed using phase-contrast microscopy. The images were recorded at 30 frames s −1 .
Results and discussion
To determine the optimum antibody concentration for binding the bacteria to liposomes, we used microscopy to determine the number of bacteria bound to liposomes in each antibody dilution and we used the average number of attached bacteria/surface area of liposome as the evaluation criterion. Figure 3 shows a plot of the average bacterial attachment ratio versus antibody concentration. The results suggest that the average bacterial attachment ratio increases as the antibody concentration increases. However, there was a threshold value above which the antibody concentration was too high, and many bacteria were distributed over the entire surface of liposome as shown in figure 3 . The aggregated bacteria and liposomes were much less mobile under these conditions.
Movement of the liposomes with and without bacteria was observed by phase-contrast microscopy (figure 4). We noticed that the liposomes with bacteria attached moved farther than those without (figures 4(i) and (ii)). Liposomes without bacteria moved by Brownian motion ( figure 4(i) ). The results suggest that the bacteria attached to the liposome were the main source of propulsion.
To evaluate the movement of liposomes, we conducted image analysis and calculated propulsion speeds. Figure 5 shows the approximate number of attached bacteria versus the propulsion speed. As shown in figure 5 , visual inspection of the liposomes with bacteria confirmed that the propulsion speeds of the liposomes varied with the number of attached bacteria. In some cases, different values of speed for the same number of attached bacteria were recorded. The deference in size of the liposome and error in counting the number of attached bacteria may have contributed to these findings. The experimental results presented in figure 5 also suggest that the propulsion speed of liposomes sharply increased as the number of attached bacteria increased.
There was a strong positive correlation between the propulsion speed of liposomes and the number of attached bacteria ( figure 5(a)) ; however, the propulsion speed of liposomes slightly decreased as the number of attached bacteria increased ( figure 5(b) ). Why the liposomes shown in figure 5 (a) moved faster than those shown in figure 5(b) might be explained by the effect of the bacteria binding to a small area as shown in figure 5(a) . Therefore, the bacteria-liposome complex shown in figure 5 (a) generates a more directed force than that shown in figure 5(b) , because in the latter case the bacteria swim in different directions.
In conclusion, we were able to develop an antibodybinding technique to couple bacteria to the surface of a liposome. These results indicate the potential of this method for generating bacterially propelled liposomes for delivering drugs. An important aspect of our study was the demonstration that the propulsion speed was linearly proportional to the number of the attached bacteria when small numbers of bacteria were attached. However, as the number of attached bacteria increased, they occupied a larger portion of the surface of the liposome, and propulsion became less effective. We believe that a reasonable explanation for these findings is that, when bacteria occupy a large area of a liposome, they generate opposing propulsive forces.
Outlook and perspective
Future theoretical research can be expanded to encompass control of the trajectory of bacterium-propelled liposomes and the configuration of attached bacteria to help formulate models for stochastic bacterial liposomal propulsion and devise methods for drug release. Future experimental insights into the chemotactic behavior of bacteria in chemical gradients coupled with a theoretical stochastic propulsion model will potentially enable design and control of bacterially propelled swimming micro-robots for future targeted drug delivery applications.
